Abstract Multi-Walled CNT (MWCNT) are synthesized on a silicon wafer and sputter coated with a gold film. The planar surfaces are mounted on the tip of a piezo-electric actuator and mated with a gold coated hemispherical surface to form an electrical contact. These switching contacts are tested under conditions typical of MEMS relay applications; 4 V, with a static contact force of 1 mN, at a low current between 20 -50 mA. The evolution of contact resistance is considered in a newly developed test procedure. The contact resistance performance is then linked to a study of the contact changes in the surface. The contact surfaces have been shown to exhibit a transfer process over a large number of switching cycles. The continuous monitoring of contact resistance can be used for the identification of surface failure. The results show that for the surfaces presented the contact resistance remains stable for between 80 and 120 million switching cycles. Interestingly the number of bounces is related to the fine transfer failure mechanism.
levels 30-50 mA were dominated by a delamination process but at a current level at 20 mA, the fine transfer process dominated [13] [14] [15] .
The thermal model of fine transfer mechanism [12, 1 4] is used to evaluate the number of cycles to failure for a contact surface. A 3D confocal laser map of the worn Au/MWCNT surface was used to determine the area of the removed material, (A r ) from the Au film at the point of failure, defined by the rapid increase in the contact resistance to a magnitude three times the nominal value .
The thickness of the Au film was assumed to be uniform, 
Where, I is current (A). It has since been observed that each switch closing operation consists of several bounces [14] . In the previous studies the bounce phenomenon had not been accounted for in calculating the cycles to failure.
In addition, it is important to note that for the condition of 4 V there is no evidence of arcing, unlike the case for 12 V which is commonly used in metallic electrical contact surfaces [16, 17] .
This paper presents further results to confirm the predicted data from the fine transfer model in equation (2) . The sample contact pair is an Au hemispherical ball and Au/MWCNT, 30 µm in height. In this paper the Au hemispherical ball is improved by adding a chromium layer to help the Au layer adhere on the 2 mm stainless steel ball. Moreover the relationship between the number of bounces and the contact resistances and the number of cycles to failure will be considered.
Material preparation
The contact consists of two surfaces which are classified according to the direction of the DC electric current. One surface is the cathode which for our setup is a 2 mm in diameter stainless steel hemispherical ball sputter coated with a 10 nm thick Chromium (Cr) layer on which 500 nm of Au is sputtered. The Au coated ball ha s a surface roughness of Ra92 nm. The Cr layer acts as the adhesion layer to help the Au adhere on the stainless steel. The other surface forms the anode, which is the silicon wafer coated with MWCNTs and sputter coated with 500 nm Au.
This Au/MWCNT surface has a surface roughness of R a  1,375 nm. The MWCNTs growth is divided into three processes: cleaning, sputtering and growing as shown in Figure 1 . 
Methodology
To simulate the repeated switching action of a MEMS relay, the Au/MWCNTs substrate is attached to a PZT cantilever. The test platform consists of the PZT with Au/MWCNT substrate, the Au-coated hemispherical surface, mounted on an anti-vibration workstation, in a temperature-controlled room. In Figure 3 , a schematic of the test system is shown. The dynamic force as shown in Figure 4 from a piezoelectric force sensor. Testing is performed as follows:
1. Apply voltage to vibrate PZT cantilever by the function generator at testing frequency (f t es t ).
2. Record the number of bounces (B c ) while testing.
3. Measure and record the contact resistance (R c ) and the number of bounces at the 10 th , 100 th , 1000 th , 10000 th , and 100,000 th cycles, and then every 12
hours until the contact fails. Record time to failure (t t es t ).
For the experiment operated at 20 mA, f t es t was 30 Hz.
For 30 -50 mA, the f t es t was set up at 100 Hz to reduce testing time. Therefore, the numbers of operations (N t es t , cycles) are derived from; N t es t = t t es t x f t es t (2) As shown in Figure 4 , the impacting force (1 mN) from the PZT cantilever will be stable after the contact is closed for 0.2 seconds. Therefore, to measure the B c , f t es t has to be decreased to 1 Hz before counting to get the complete bounce process. The contact resistance R c is measured using 4-wire measurement method. While measuring the R c , t h e P Z T c a n t i l e v e r i s s t o p p e d f o r 5 m i n u t e s t o o b t a i n a s t a b l e r e a d i n g .
Results

A. Contact resistance against the number of cycles
The contact resistance against the number of cycles is shown in Figure 6 . In this stage, the R c gradually goes up to the breakdown point. Then the contact is in the failure stage of R c which shows the abrupt increase to more than three times of the nominal resistance called contact failure.
B. The number of bounces against the number of cycles
The number of bounce against the number of cycles is shown in Figure 7 . 
Discussion
The data from Figure 6 is used to obtain the numbers of cycles (N t es t ) to failure of the experiment at current level s 20, 30, 40 and 50 mA as shown in Table 1 . These are defined as the number of cycles when R = 1.5 Ω. To investigate the wear-in period further, the Au-Au/MWCNT contact pair was tested for around 5,000 cycles with a current level of 30 mA, 4 V (1 mN). After which a laser profiler was used to scan the Au/MWCNT surface (Figure 11 (a) ) to investigate the profile of the crater of the MWCNT deformation, as shown in Figure 11 (b). In Figure 13 , the MWCNT is exposed in the black area.
It is known that CNTs have high elastic moduli [2, 3] 
Conclusion
It has been shown that an Au ball surface coupled with an Au/MWCNT (gold-coated multi-walled carbon nanotube structure) substrate, can withstand more than 49 million switching cycles at 50mA (0.2W), at a low contact force of 1mN. This is a significant increase in current over previous published work on these surfaces. The contact resistance across the interface is used as the indicator for determining the failure modes of the contact switch.
The following conclusions are reached:
(1) The contact resistance trend is similar to the previous studies, and remains stable for over 49 million switching cycles for all current levels between 20 and 50 mA. Referring to the experimental set up, gravity does not affect the material transfer.
(5) The contact bounce is affected by the changes in t he surface and is correlated with the changes in R c .
(6) The trend of number of bounces trend can be used to predict the lifetime. If the contact resistance or the number of bounces starts to increase rapidly, the user can predict that the contact is going to fail in the near future.
